Journal  of  Power  Sources  220  (2012)  342-347 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


pri 

Sbb..«jtS 


Short  communication 

Synthesis  of  cage-like  LiFeP04/C  microspheres  for  high  performance  lithium  ion 
batteries 

Honggui  Deng,  Shuangling  Jin,  Liang  Zhan*,  Yanli  Wang,  Wenming  Qiao,  Licheng  Ling* 

State  Key  Laboratory  of  Chemical  Engineering,  East  China  University  of  Science  and  Technology,  Meilong  Road  130,  Shanghai  200237,  PR  China 


HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  Cage-like  LiFeP04/C  microspheres 
(cage-like  LPCs)  were  synthesized. 

►  The  unique  structures  offer  cage¬ 
like  LPC  electrode  with  high  rate 
performance. 

►  The  microstructures  of  cage-like 
LPCs  are  very  stable  with  a  diam¬ 
eter  of  1.6  pm. 

►  The  reversible  capacity  of  cage-like 
LPCs  can  maintain  160  mAh  g-1  at 
0.1  C. 

►  The  reversible  capacity  of  cage-like 
LPCs  is  as  high  as  120  mAh  g  1  at 
10  C. 
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Cage-like  LiFeP04  microspheres  are  synthesized  by  a  solvothermal  reaction-calcination  process,  using 
Fe(N03)3-9H20  as  iron  source  and  ethylene  glycol/water  as  co-solvent  medium.  The  microsphere  is  the 
assembly  of  LiFeP04  nanoparticles  with  an  open  porous  structure,  thus  the  carbon  coating  can  be  easily 
introduced  on  the  surface  of  the  nanoparticles  by  the  chemical  vapor  deposition  of  C2H4  during  calci¬ 
nation  process.  When  used  as  the  cathode  materials  for  the  lithium-ion  batteries,  the  resultant  cage-like 
LiFeP04/C  microsphere  shows  high  capacity  and  good  cycle  stability  (160  mAh  g-1  at  0.1  C  over  300 
cycles),  as  well  as  good  rate  capability  (120  mAh  g-1  at  10  C).  The  desirable  electrochemical  performance 
can  be  attributed  to  high  rate  of  ionic/electronic  conduction  and  the  high  structural  stability  arising  from 
the  interconnected  open  pores,  carbon-coated  nanoparticles  and  microsized  structure. 

Crown  Copyright  ©  2012  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries,  as  power  sources  for  portable  electronic 
devices  and  electric/hybrid  vehicles,  have  attracted  tremendous 
attention  in  the  scientific  and  industrial  fields  due  to  their  high 
electromotive  force  and  high  energy  density.  To  meet  the 
increasing  demand  of  batteries  with  higher  energy  density,  higher 
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power  density  and  longer  cycle  life,  many  efforts  have  been  made  to 
develop  new  electrode  materials  or  design  novel  structures  for 
electrode  materials  [1-3].  Recently,  olivine-type  LiFeP04  has  been 
widely  researched  as  a  cathode  material  for  lithium  storage  owing 
to  its  high  theoretical  capacity  (170  mAh  g-1),  thermal  stability, 
nontoxicity,  safety  and  low  cost  [4-7].  However,  the  inherent 
electronic  conductivity  (-10  9  S  cm-1)  and  Li-ion  diffusion  coef¬ 
ficient  (  —  1.8  x  10  14  cm2  s-1)  of  LiFeP04  are  much  low  at  room 
temperature,  which  largely  prevent  its  high-rate  performance  [8,9]. 

Modifications  of  LiFeP04  particles  by  minimizing  the  particle 
size  and  coating  them  with  an  electron-conducting  carbon  layer  are 
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considered  to  be  effective  in  surmounting  electronic  and  ionic 
transport  limitations  [10,11].  By  combining  both  of  these 
approaches,  many  synthesis  methods,  including  mechanochemical 
activation  [10,12],  sol-gel  [13,14],  hydrothermal/solvothermal 
[15-20],  etc.,  have  been  developed  to  prepare  nanosized  LiFeP04/C 
composite  materials.  Furthermore,  smaller  LiFeP04  nanoparticles 
coated  with  optimized  amount  of  carbon  in  a  porous  or  loose 
structure  is  advantageous  to  achieving  unhindered  contact  of 
electrolyte  resulting  in  better  electrode  performance.  For  example, 
Kang  et  al.  [11  ]  had  reported  an  inorganic-based  sol-gel  method  to 
synthesize  carbon-coated  LiFeP04  nanoparticles,  which  exhibited 
a  capacity  of  about  162.7  mAg  h-1  and  good  cycling  stability  at  0.1  C, 
when  the  carbon  content  is  4.5%.  Flowever,  the  low  tap  density 
resulting  from  the  nanoparticles  limits  the  total  volumetric  energy 
density  which  is  also  quite  important  for  practical  applications. 
Generally,  it  is  believed  that  the  microsized  spherical  particles  can 
easily  be  closely  packed  [21].  In  this  regard,  a  microsized  porous 
sphere  comprising  of  carbon-coated  LiFeP04  nanoparticles  is 
proposed  as  an  optimal  structure  for  LiFeP04  to  realize  high 
performance  without  compromising  the  packing  density  [22-27]. 

Flerein,  we  developed  an  alternative  approach  to  the  synthesis 
of  cage-like  LiFeP04/C  microspheres  (denoted  as  cage-like  LPCs)  via 
a  solvothermal  reaction  combined  with  calcination,  using  inex¬ 
pensive  and  stable  Fe(N03)3-9H20  as  iron  source  and  ethylene 
glycol/water  as  co-solvent  medium.  The  resultant  cage-like  LPCs 
are  consisted  of  carbon  coated  nanoparticles  with  an  inter¬ 
connected  open  porous  microstructure.  Such  unique  features  can 
provide  more  channels  for  the  rapid  diffusions  of  Li  ion  and  prevent 
the  aggregation  of  LiFeP04  particles  during  charging  and  dis¬ 
charging  processes.  Therefore,  this  LiFeP04/C  composite  not  only 
show  excellent  high-rate  performance,  but  also  have  a  relatively 
high  tap  density. 

2.  Experimental 

2.1.  Materials  preparation 

All  chemicals  were  purchased  from  Sinopharm  Chemical 
Reagent  Co.,  Ltd.  and  used  without  further  purification.  In  a  typical 
synthesis,  0.015  mol  of  Li2S04,  0.01  mol  of  Fe(N03)3  -9FI20  and 
0.005  mol  of  P205  were  added  in  a  Teflon  vessel  together  with 
40  mL  ethylene  glycol  (EG)  and  20  mL  deionized  water.  After 
vigorous  stirring  for  0.5  h,  the  vessel  was  sealed  in  a  stainless-steel 
autoclave,  then  placed  inside  an  oven  and  heated  at  180  °C  for  24  h. 
Afterward,  the  precipitates  were  collected  by  centrifugation  and 
dried  at  80  °C  for  72  h  in  vacuum  atmosphere.  The  obtained  product 
was  calcined  at  600  °C  under  flowing  Ar/FI2  atmosphere 
(100  mL  min-1,  95  vol.  %  Ar  and  5  vol.  %  FI2)  for  10  h,  and  for  the 
carbon  coating,  the  gas  was  then  switched  to  C2H4/Ar  (20  mL  min-1, 
50  vol.  %  C2IT4  and  50  vol.  %  Ar)  for  15  min.  To  investigate  the 
formation  process  of  the  cage-like  LPCs,  time-dependent  experi¬ 
ments  were  carefully  conducted.  And  the  experimental  parameters, 
such  as  the  phosphate  sources  and  the  solvent,  were  also  varied 
during  the  synthesis  to  study  their  effects  on  the  shape  of  the  final 
product.  Commercial  LiFeP04/C  sample  (particle  size  around 
2—3  pm,  carbon  content  about  5.2%)  was  purchased  from  Tianjin 
Sterlan-Energy  Ltd.,  China. 

2.2.  Materials  characterization 

Powder  X-ray  diffraction  (XRD)  patterns  were  recorded  using 
a  Bruker  AXS  D8  diffractometer  using  Cu  Ka  radiation  with  20  in 
a  range  of  10-70°  in  steps  of  0.05°.  Raman  spectra  were  obtained 
from  a  Renishaw  inVia  +  Reflex  Raman  spectrometer  with  514  nm 
laser  radiation  at  a  laser  power  of  0.48  mW  in  the  range  of 


400-2000  cm-1.  Measurement  of  carbon  content  was  carried  out 
on  a  Thermogravimetric  analyzer  (TGA),  and  data  were  recorded 
from  ambient  to  650  °C  at  a  heating  rate  of  5  °C  min-1  in  air.  The 
microstructures  of  samples  were  observed  using  a  FEI  Quanta  200 
scanning  electron  microscope  (SEM)  and  a  JEOL  TEM-2000FXII 
transmission  electron  microscope  (TEM).  Before  measurement, 
TEM  samples  were  ultrasonically  treated  in  a  solution  of  ethanol. 
The  pore  structures  were  carried  out  using  an  ASAP  2020  Micro- 
meritics  surface  area  analyzer.  To  measure  the  tap  density,  a  certain 
amount  of  the  sample  was  placed  in  a  small  measuring  cylinder  and 
tapped  for  at  least  10  min  by  hand.  The  measured  volume  of  the 
tapped  powder  and  its  mass  were  used  to  calculate  the  tap  density. 

2.3.  Electrochemical  measurements 

A  composite  electrode  used  for  electrochemical  measurements 
was  prepared  by  mixing  the  active  material,  carbon  black  and  poly 
(vinylidene  fluoride)  (PVDF)  in  weight  ratio  of  75:15:10  using  N- 
methyl-2-pyrrolidone  (NMP)  as  solvent.  Lithium  foil  was  used  as 
the  counter  and  reference  electrode.  The  obtained  slurry  was  then 
cast  onto  aluminum  foil  with  the  electrode  thickness  of  20  pm.  The 
electrode  area  was  1.1  cm2  and  the  mass  loading  of  the  LiFeP04  was 
about  3.5  mg  cm-2.  The  electrolyte  was  a  solution  of  1  M  LiPF6 
dissolved  in  ethylene  carbonate  (EC)/diethyl  carbonate  (DEC)  (1:1 
V/V)  and  the  separator  was  Celgard  2400.  The  CR2016  coin-type  cell 
was  assembled  in  an  argon-filled  glove  box,  using  Li  metal  as  the 
counter  electrode.  Galvanostatic  charge/discharge  tests  were  con¬ 
ducted  in  the  voltage  range  of  2.5-4.2  V  versus  Li/Li+  on  the 
CT2001A  LAND  Battery  Tester.  Cyclic  voltammograms  (CVs)  were 
recorded  between  2.5  and  4.1  V  at  a  scan  rate  of  0.1  mV  s-1  on  an 
Arbin  BT2000  electrochemical  workstation.  The  capacity  of  the 
material  was  calculated  with  the  mass  of  LiFeP04,  not  including  the 
carbon  content. 

3.  Results  and  discussion 

To  elucidate  the  morphology  and  structure  of  the  product,  SEM 
and  TEM  measurements  were  carried  out.  As  shown  in  Fig.  1  a  and  b, 
the  uniform  and  monodisperse  microspheres  can  be  clearly 
observed  with  the  diameter  of  about  1.6  pm.  More  interestingly,  the 
resultant  microspheres  are  constructed  by  numerous  nanoparticles 
with  the  size  of  about  100  nm.  And  there  are  abundant  interstitial 
spaces  between  nanoparticles  with  the  pore  size  of  about  200  nm, 
giving  cage-like  architectures.  It  should  be  noted  that  the  micro¬ 
structures  of  cage-like  LPCs  are  so  stable  that  they  cannot  be 
destroyed  into  fragments  or  dispersed  into  nanoparticles  even  after 
the  ultrasonic  treatment.  The  distinct  contrast  between  the  central 
and  fringe  part  of  an  individual  architecture  implies  that  there  are 
abundant  pores  distributed  throughout  in  the  microspheres 
(Fig.  lc).  High  resolution  TEM  (EIRTEM)  images  of  the  surface  in  the 
exterior  (Fig.  Id)  and  the  outer  edges  of  the  framework  (Fig.  le) 
further  affirm  that  the  surfaces  of  the  LiFeP04  are  covered  by  a  layer 
of  amorphous  carbon  with  a  thickness  of  2  nm.  In  addition,  the  d- 
spacing  values  of  the  adjacent  lattice  as  shown  in  Fig.  le  are 
0.52  nm,  agreeing  well  with  the  (020)  plane  of  orthorhombic  phase 
of  LiFeP04  [5].  The  selected  area  electron  diffraction  (SAED,  Fig.  If) 
further  reveals  that  the  single  LiFeP04  particle  is  well  crystallized 
with  pure  olivine  phase. 

To  further  investigate  the  porous  structure  of  the  cage-like  LPCs, 
the  adsorption/desorption  isotherms  measurements  are  conduct¬ 
ed.  As  shown  in  Fig.  2a,  a  distinct  hysteresis  loop  in  the  P/Po  range  of 
0.4— 0.9  suggests  the  existence  of  mesopores.  The 
Brunauer-Emmett-Teller  (BET)  surface  area  calculated  from  the 
adsorption  isotherm  in  the  P/P0  range  between  0.05  and  0.30  is 
35.5  m2  g-1.  And  the  corresponding  BJH  pore-size  distribution 
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Fig.  1.  SEM  (a,  b),  TEM  (c)  and  HRTEM  (d,  e)  and  SAED  (f)  images  of  the  cage-like  LPCs. 


(inset  in  Fig.  2a)  demonstrates  the  presence  of  the  complex  hier¬ 
archical  pores  including  mesopores  and  macropores. 

The  XRD  pattern  and  the  Rietveld  refinement  of  the  cage-like 
LPCs  sample  are  shown  in  Fig.  2b.  There  is  a  good  correspondence 
to  the  orthorhombic  olivine  phase  (space  group:  Pnma )  with  well 
crystallized  characteristics.  The  good  fit  between  the  observed  and 
calculated  patterns  demonstrates  that  a  single  phase  is  obtained 
with  no  evidence  of  impurities,  such  as  Fe203  and  Li3Fe2(P04)3, 
although  Fe3+  source  was  used.  No  significant  signal  is  associated 
with  carbon,  possibly  because  the  carbon  layer  around  LiFeP04 
particles  is  amorphous  and  thin. 

Raman  spectroscopy  was  further  performed  to  analyze  the 
phase  composition  of  the  cage-like  LPCs  sample,  as  shown  in  Fig.  2c. 
Two  intense  broad  peaks  located  at  1325  and  1598  cm-1  are 
respectively  attributed  to  the  Aig  vibration  mode  of  the  disordered 


carbon  (D-band)  and  the  E2g  vibration  mode  of  the  ordered 
graphitic  carbon  (G-band),  suggesting  carbon  was  successfully 
deposited  on  the  surface  of  the  LiFeP04  particles.  There  is  also  one 
small  peak  at  950  cm-1,  which  is  assigned  to  the  intramolecular 
stretching  mode  of  P04_.  Thermogravimetric  (TG)  measurement 
was  used  to  estimate  the  carbon  content  in  the  cage-like  LPCs. 
Fig.  2d  gives  the  TG  curve  of  the  cage-like  LPCs  sample  in  air.  It 
should  be  mentioned  that,  in  the  temperature  range  of  250— 500  °C, 
the  olivine  LiFeP04  can  be  oxidized  to  Li3Fe2(P04)3  and  Fe203, 
corresponding  to  a  theoretical  weight  gain  of  5.07%,  based  on  the 
following  Eq.  (1)  [28]: 

LiFeP04  +  l/402  *  l/3Li3Fe2(P04)3  +  1/6  Fe203  (1) 

While  for  the  LiFeP04/C  composite,  the  equation  will  be 
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Fig.  2.  Pore  structure  characteristics  (a),  XRD  pattern  and  Rietveid  refinement  (b),  Raman  spectra  (c)  and  TG  curve  (d)  of  the  cage-like  LPC  sample. 


LiFeP04  +  l/402+xC  +  x02  =  1/3  Li3Fe2(P04)3  +  l/6Fe203 

+  xC02  (2) 

where  x  denotes  the  carbon  content  in  the  composite.  As  for  the 
cage-like  LPCs,  when  the  sample  is  heated  above  350  °C,  the  carbon 
in  the  mixture  is  oxidized  to  C02  gas,  leading  to  a  weight  loss.  Above 
500  °C,  a  total  oxidization  of  both  LiFeP04  and  carbon  is  completed. 
Finally,  by  considering  the  theoretical  weight  gain  (5.07%)  of  pure 
LiFeP04  during  TG  measurement  in  air,  the  amount  of  carbon  in  the 
cage-like  LPCs  sample  is  calculated  to  be  about  3.0%.  Combined 
with  the  results  of  HRTEM  in  Fig.  Id  and  e,  it  can  be  concluded  that 
a  thin  layer  of  amorphous  carbon  was  coated  on  the  surface  of 
LiFeP04  particles. 

In  order  to  understand  the  formation  process  of  LiFeP04  hier¬ 
archical  microstructures,  time-dependent  experiments  were 
carried  out  to  clarify  the  formation  mechanism.  Support 
Information  Fig.  SI  displays  SEM  observations  of  the  sol¬ 
vothermal  reaction  products  at  different  reaction  time  periods.  At 
the  initial  stage  (15  min),  the  product  is  composed  of  nanoparticles 
with  the  average  size  of  about  50  nm  (Fig.  SI  a).  As  the  reaction 
proceeds  to  1.5  h  (Fig.  Sib),  no  nanoparticles  remain  and  the 
monodisperse  microspheres  consisted  of  many  tight  packed 
nanoparticles  become  the  exclusive  products.  When  the  reaction 
time  is  further  prolonged  to  5  h,  as  shown  in  Fig.  Sic,  the  surfaces  of 
the  resulting  microspheres  become  rough,  indicating  the  micro¬ 
sphere  may  undergo  a  dissolution-recrystallization  process, 
etching  the  densely  packed  spheres  into  a  relatively  loose  structure. 
Further  increasing  the  reaction  time  to  24  h,  the  nanoparticles  on 
the  spheres  grow  larger  and  the  incompact  porous  structure 
becomes  even  more  evident  (Fig.  Sid).  On  the  basis  of  the  above 
time-dependent  experimental  evidence,  the  formation  process  of 
the  LiFeP04  precursor  microspheres  is  illustrated  in  Fig.  3,  which 
involves  a  nucleation  and  aggregation  of  primary  particles  followed 


by  a  dissolution-recrystallization  process.  At  the  beginning  of  the 
reaction,  the  precursor  nuclei  quickly  grow  into  the  primary 
particles  and  these  freshly  nanoparticles  aggregate  together  to 
form  the  densely  packed  microspheres  driven  by  the  minimization 
of  interfacial  energy  of  system.  With  prolonged  solvothermal 
treatment,  the  agglomerated  LiFeP04  precursor  undergoes  a  dis¬ 
solution-recrystallization  process,  in  which  the 
dissolution-diffusion  process  offers  the  opportunity  to  create  the 
porosity  on  the  densely  packed  microspheres.  Moreover,  some 
control  experiments  were  carried  out  by  replacing  some  amount  of 
EG  with  ethanol,  glycerol  and  water  as  the  solvent  or  using 
(NH4)3P04  and  NH4FI2P04  instead  of  P2Os  as  phosphate  source  with 
other  conditions  constant.  The  SEM  images  of  the  resulting  prod¬ 
ucts  are  shown  in  Support  Information  Fig.  S2  and  S3,  which 
demonstrate  that  both  EG  and  P2Os  are  essential  for  the  formation 
of  such  hierarchical  LiFeP04  microstructures. 

As  cathode  material  for  lithium  ion  batteries,  the  electro¬ 
chemical  performances  of  the  cage-like  LPCs  were  investigated.  In 
the  CV  curves  (Fig.  4a),  the  cage-like  LPCs  electrode  has  only  one 
pair  of  peaks,  corresponding  to  the  charge/discharge  reaction  of  the 
Fe3+/Fe2+  redox  couple.  During  the  first  cycle,  the  reduction  and 
oxidation  peaks  appear  at  3.32  and  3.59  V,  respectively,  resulting  in 
a  small  potential  separation  of  0.27  V.  This  result  suggests  that  the 
cage-like  LPCs  electrode  has  low  polarization  and  good  electronic 
conductivity,  which  is  mainly  attributed  to  cage-like  porous 
structure  and  the  nanosized  primary  particle  with  the  carbon 
coating.  Interestingly,  it  can  be  observed  that  the  intensity  of  the 
reduction  peak  increased  during  the  third  scan,  indicating 
a  possible  activating  process  in  the  electrode  material  [29,30]. 

Fig.  4b  shows  the  cycle  performance  of  the  cage-like  LPCs 
electrode  at  a  rate  of  0.1  C.  The  electrode  delivers  a  discharge 
capacity  of  161  mAh  g_1  in  the  first  cycle,  and  still  maintains 
160  mAh  g_1  after  300  cycles,  suggesting  that  the  cage-like  LPCs 
electrode  has  high  reversible  capacity,  structural  stability  and 
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Fig.  3.  Schematic  illustration  of  the  cage-like  LPCs. 


excellent  cycling  stability.  Additionally,  the  charge/discharge 
profiles  of  different  cycles  at  0.1  C  are  shown  in  the  inset.  The  long 
and  flat  voltage  plateaus  at  3.46  and  3.40  V  are  observed  during 
charge  and  discharge  processes,  respectively,  corresponding  to  the 
two-phase  redox  reaction  between  FeP04  and  LiFePC^.  The  voltage 
difference  (60  mV)  between  the  charge  and  discharge  plateaus  has 
no  increase  with  the  cycle  number  increasing,  indicating  the  elec¬ 
trode  has  a  low  polarization. 

The  rate  performance  of  the  cage-like  LPCs  electrode  is  further 
investigated  over  the  range  from  0.1  to  10  C.  For  comparison,  the 
commercial  LiFePC^/C  sample  is  also  tested  under  the  same 


conditions.  The  SEM  images,  as  shown  in  Fig.  S4a  and  b  (Support 
Information),  reveal  that  the  commercial  sample  is  composed  of 
micrometer-sized  irregular  particles  with  the  average  agglomerate 
size  of  2-3  pm.  And  the  TG  measurement  demonstrates  the  carbon 
content  in  the  commercial  sample  is  about  5.2%.  Fig.  4c  and  d  exhibit 
the  discharge  capacity  and  cycling  performances  of  the  two  samples  at 
different  C-rates.  It  can  be  seen  that  the  cage-like  LPCs  electrode  shows 
a  higher  specific  capacity  under  all  different  current  rates.  Besides, 
although  both  of  the  samples  have  good  cycling  stability  at  different 
current  rates,  they  exhibit  quite  different  capacity  decay  with  the 
enhanced  rate.  As  for  the  cage-like  LPCs  electrode,  the  reversible 
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Fig.  4.  (a)  Cyclic  voltammograms  of  the  cage-like  LPC  electrode  at  a  scan  rate  of  0.1  mV  s-1.  (b)  Cycle  performance  of  the  cage-like  LPC  sample  in  the  voltage  range  from  2.5  to  4.2  V 
at  the  current  rate  of  0.1  C.  Inset:  Charge/discharge  profiles  of  different  cycles  at  0.1  C.  (c)  Discharge/charge  profiles  of  the  cage-like  LPC  and  commercial  LiFeP04/C  electrodes  at 
different  current  rates,  (d)  The  rate  and  cycling  performances  of  the  cage-like  LPC  and  commercial  LiFeP04/C  electrodes. 
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capacities  at  0.5,  1,  5  and  10  C  rate  are  about  150,  140,  130  and 
120  mAh  g  \  which  are  93,  87,  80  and  75%  of  the  initial  discharge 
capacity  at  0.1  C,  respectively.  And  when  the  current  rate  is  again 
reduced  back  to  0.1  C,  the  reversible  capacity  can  be  recovered  and 
maintains  at  160  mAh  g-1.  Compared  with  the  cage-like  LPCs  sample, 
when  the  current  rate  is  increased  to  5  and  10C  rates,  the  commercial 
LiFeP04/C  electrode  only  presents  72  and  65%  of  the  discharge 
capacity  at  0.1  C,  respectively.  From  the  above  analysis,  the  excellent 
electrochemical  performance  of  the  cage-like  LPCs  can  be  ascribed  to 
their  unique  nano/micro  hierarchical  microstructures.  The  open 
porous  structure  guarantees  the  quick  penetration  of  electrolyte  to  the 
surface  of  the  active  material  and  the  carbon-coated  nanosized 
primary  particle  affords  short  diffusion  lengths  for  both  Li  ion  and 
electron  transport.  Thus,  the  kinetic  performance  of  the  electrode  is 
better,  the  intercalation  and  extraction  processes  are  much  higher 
efficiency,  and  therefore  a  higher  effective  specific  capacity  can  be 
achieved.  In  addition,  the  as-obtained  cage-like  LPCs  with  a  micro- 
spherical  structure  can  easily  be  densely  packed  to  give  a  tap  density  of 
1.3  g  cm-3,  which  is  higher  than  the  normal  LiFeP04/C  nanoparticles 
(less  than  1.0  g  cm-3),  thus  can  offer  high  rate  performance  without 
sacrificing  the  volumetric  energy  density  of  the  electrode  in  the 
practical  application. 

4.  Conclusions 

In  summary,  we  have  successfully  prepared  3D  porous  LiFeP04/ 
C  microspheres  with  cage-like  structure  by  a  two-step  process 
using  inexpensive  Fe3+  as  iron  source.  Compared  with  the  common 
synthesis  for  LiFeP04/C  composite,  the  carbon  is  introduced  by 
chemical  vapor  deposition  of  C2H4  instead  of  secondly  mixing  the 
formed  LiFeP04  with  other  carbon  source,  which  is  much  more 
effective  and  time-saving.  Electrochemical  measurements  demon¬ 
strate  that  the  as-obtained  cage-like  LPCs  electrode  exhibits 
excellent  cycle  stability  and  good  rate  capability,  suggesting 
a  competitive  candidate  for  the  cathode  material  of  lithium-ion 
batteries.  The  desirable  electrochemical  performance  should  be 
attributed  to  the  unique  carbon  coated  3D  cage-like  structure, 
which  facilitates  fast  electrochemical  reaction  kinetics  and  good 
structural  stability.  Moreover,  the  microsized  sphere  structure  of 
the  cage-like  carbon-coated  LiFeP04  has  a  high  taping  density  for 
enhancing  the  volumetric  energy  density.  Our  ongoing  work  shows 
that  this  synthesis  route  can  be  extended  to  other  useful  phosphate 
cathode  materials  such  as  LiMnP04  and  the  solid  solutions  of 
LiFeP04  and  LiMnP04  (i.e.,  LiMnxFei_xP04,  0  <  x  <  1). 
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